ABSTRACT: Progress in colloidal synthesis in the last two decades has enabled high-quality semiconductor, plasmonic, and magnetic nanocrystals (NCs). As synthesized, these NCs are usually capped with long-chain apolar ligands. Postsynthetic surface functionalization is required for rendering such NCs colloidally stable in polar media such as water. However, unlike small anionic molecules and polymeric coatings, producing positively charged stable NCs, especially at high ionic strengths, has remained challenging. Here, we present a general approach to achieve aqueously stable cationic NCs using a set of small (<2.5 nm long) positively charged ligands. The applicability of this method is demonstrated for a variety of materials including semiconductor CdSe/CdS core/shell NCs, magnetic Fe@Fe 3 O 4 , Fe 3 O 4 , and FePt NCs, and three different classes of plasmonic Au NCs including large nanorods. The obtained cationic NCs typically have zeta potential values ranging from +30 to +60 mV and retain colloidal stability for days to months, depending on NC/ligand pair, in several biological buffers at elevated pH and in concentrated salt solutions. This allowed us to demonstrate site-specific staining of cellular structures using fluorescent cationic NCs with several different surface chemistries. Furthermore, colloidal stability of the obtained NCs in the presence of other charged species allowed the assembly of cationic and anionic counterparts driven primarily by electrostatic attraction. With this approach, we prepare highly uniform 3D and 2D binary mixtures of NCs through induced homogeneous aggregation and alternating-charge layer-by-layer deposition, respectively. Such binary mixtures may provide a new route in the engineering of nanocrystalline solids for electronics, thermoelectrics, and photovoltaics.
■ INTRODUCTION
Inorganic nanocrystals (NCs) are important in many fields, including biosensing, drug delivery, magnetic resonance imaging, electronics, and optoelectronics. 1−6 Their successful utilization often requires a high degree of monodispersity owing to their unique size-dependent properties. There are many welldeveloped approaches to produce high quality monodisperse semiconductor, magnetic, plasmonic, and dielectric NCs. 7 Most of these employ high temperature reactions in organic solvents in the presence of long-chain apolar molecules that passivate the NC surface (surface capping ligands). 8, 9 Such ligands impart colloidal stability to NCs in apolar solvents such as toluene or hexane. However, many applications, especially those that are bio-oriented, require aqueous solutions of NCs. Alternative approaches have been developed to generate highquality, water-soluble NCs for certain systems, 7,10−13 i.e., Au and Ag, but they are not suitable for many others, especially covalent compounds such as CdSe semiconductor NCs (also known as quantum dots, QDs) and Fe 3 O 4 NCs, since low reaction temperatures lead to poor crystallinity of such NCs. Furthermore, aqueous synthetic techniques often result in NCs that are very sensitive to the pH and ionic strength of the solution. 7 Therefore, many state-of-the-art approaches to high quality aqueous NCs involve two steps: synthesis of hydrophobic NCs followed by functionalization of their surfaces with hydrophilic molecules.
There exist four common postsynthetic strategies for rendering hydrophobic NCs water-soluble. The first technique is to interlock amphiphilic ligands with the long alkyl chains from the original capping layer, forming a hydrophilic bilayer. 14−16 This method preserves the native coating, which is often advantageous; for example, it maintains the pristine electronic quality of the QD surface and hence high quantum yields. 17 However, this micelle-like structure significantly increases the hydrodynamic diameter of NCs and exhibits several shortcomings due to the dynamic nature of the interlocking bilayer: reduced colloidal stability upon dilution and difficulties with subsequent chemical modification. 18 The second approach utilizes ligand cleavage and is only feasible for a limited range of NCs with rather chemically inert surfaces. 19−21 The third approach is based on the growth of an inert silica shell around the NCs, through a sol−gel process. 22, 23 Such SiO 2 -coated NCs are very stable in aqueous solutions; however, the silica shell is often inhomogeneous and porous, limiting its chemical passivation ability. 24 The fourth, perhaps most frequently used, approach is ligand exchange, wherein the original surfactant is displaced by a new incoming molecule.
There are many ligands to choose from for the ligand exchange reaction: dendrimers, 25, 26 polymers, 16,24,27−36 peptides, 37, 38 inorganic ligands, 39−45 and small charged organic molecules. 46−49 Among them, bulky polymers, especially polyethylene glycol (PEG) derivatives, are often preferred because they provide NCs better colloidal stability in high ionic strength solutions. High salt concentrations shrink the electric double layer around NCs, destabilizing the colloid. Under these conditions, colloids relying only on electrostatic stabilization tend to flocculate, whereas bulky hydrophilic polymer ligands, which additionally contribute by steric repulsion, prevent aggregation more efficiently. 24 However, bulky polymeric substituents substantially increase the hydrodynamic diameter of the NCs. 50 Often this is undesirable, for example, in NCmediated catalysis, 51 for further encapsulation into nanocages, 52 or when the exact distance between inorganic NC core and outer conjugates is decisive for function (e.g., for Forster energy transfer). 53−55 Shorter, ∼1−2.5 nm long, organic molecules do not increase the hydrodynamic diameter of NCs substantially but they are able to provide sufficient steric repulsion for colloidal stabilization. 56−59 In this work, we propose several short organic ligands that provide colloidal stability for various classes of NCs in high ionic strength buffer solutions. We focus only on ligands with cationic functionality because of their limited characterization in the literature. 46,60−62 Fundamentally, it is easier to achieve stable anionic surface functionalization due to more facile solvation of small cations compared to large anionic counterions. 63 In nature, negatively charged surfaces are somewhat more abundant, with clays and cell membranes as typical examples. On the atomic scale, this can be traced to the very essence of coordination chemistry, where metal cations are typically surrounded by shells of anions.
There is a great variety of potential applications for cationic NCs. For instance, the combination of cationic and anionic NCs could enable novel self-assembled hybrid materials with unique optical and chemical properties. 64−66 In addition, cationic NCs have been demonstrated to be important in biology, particularly for in vivo applications. For example, cationic NCs have a very different suborgan biodistribution in the kidneys, spleen, and liver, compared to their neutral and anionic counterparts. 67 Surface charge also plays an important role in protein adsorption and cellular uptake. It is known that both anionic and cationic NCs delivered in vivo are coated by a corona of adsorbed blood proteins and that the corona composition is directly influenced by the surface chemistry and charge of the NCs. 68, 69 Cationic NCs also exhibit high uptake by macrophages and other cells; it is thought that the slight negative charge of the cell membrane encourages internalization. 70 The affinity of cationic Au NCs for cell membranes has been used recently in X-ray radiation therapy. 71 Other biological functions affected by surface charge include blood retention times, cytotoxicity, and immune system activation. 70,72−74 Many of these aforementioned applications necessitate NC stability in polar solvents, biological media, and highly concentrated salt solutions without using bulky polymeric ligands. At the same time, the commercial supply of short organic cationic ligands suitable for NC capping is rather limited and protocols for surface functionalization are less common than for anionic coatings. This motivated us to develop a collection of cationic ligands (Figure 1) , three of which are newly designed molecules, which can be attached to the NC surface via ligand exchange reactions. We showcase a strategy for the selection of short cationic ligands suited for specific kinds of NCs (semiconductor CdSe/CdS, magnetic oxide Fe 3 O 4 and alloy FePt, and plasmonic Au of various shapes) or specific initial capping ligands (carboxylates, amines, phosphines, CTAB, and citrate). We present ligand exchange protocols that fully retain the integrity and properties of NCs and ensure long-term colloidal stability. Initial trials using these cationic NCs for three different applications, site-specific cellular staining, layer-by-layer self-assembly, and induced homogeneous aggregation of oppositely charged NCs, Figure 1 . Structure of the ligands employed in this study. At neutral pH, the top six ligands are cationic. DA-Arg, H-CALNR-NH 2 , and DHLA-Bet are newly designed ligands described in the main text. HS-PEG 550 (n ≈ 11) was used as a neutral reference ligand or to create binary ligand layer compositions with varied surface charge.
demonstrate the high versatility and the broad utility of these cationic surface chemistries.
■ EXPERIMENTAL SECTION
Materials, Ligands, Nanocrystals, and Buffer Solutions. All chemicals were used as received without further purification. The following chemicals were purchased from Sigma-Aldrich: 1-dodecanethiol (DDT), 2-dimethylaminoethanethiol hydrochloride (DMAETCl), 3-mercaptopropionic acid (MPA), (11-mercaptoundecyl The ligands used in this study are listed in Figure 1 . Details regarding their synthesis and characterization are provided in the Supporting Information.
All NCs intended for ligand exchange were synthesized according to previously reported procedures. Details and references can be found in the Supporting Information. All NCs, including cationic NCs with exchanged ligands, were stored at 4°C.
The following buffer solutions were tested in this work: 1× PBS at pH 7.4, 10 mM HEPES at pH 8, 50 mM Tris-HCl at pH 8, and 50 mM trisodium phosphate (Na 3 PO 4 ) containing 200 mM NaCl at pH 8. Salt solutions of 50 and 500 mM NaCl were used at neutral pH. The pH measurements were made using a VWR pHenomenal 1000 H pH meter. The pH was adjusted by stock solutions of 1 M HCl and NaOH if necessary.
Ligand Exchange Reactions. Fe@Fe 3 O 4 and Fe 3 O 4 Nanocrystals: Oleic acid (Oleylamine and Oleic Acid) to DA or DA-Arg. . Exchange of the original ligands for DA and DA-Arg was achieved following the procedure reported previously for DA. 60 An additional washing step using an excess of a 2:1 chloroform/acetone solution was utilized. The final DA-Arg-capped NCs were easily dissolved in H 2 O in contrast to DA-capped ones which required a small amount of acid to be solubilized in H 2 O.
FePt Nanocrystals: Oleylamine and Oleic Acid to DA-Arg and TMABr or HS-PEG 550 . Exchange of the original hydrophobic ligands for a mixed layer containing a catechol (DA-Arg) and a thiol ligand (HS-PEG 550 or TMABr) was achieved using an adapted procedure reported elsewhere. 75 1 mg of FePt NCs (∼15 nmol) was precipitated using an equal amount of ethanol, followed by redispersion in 0.4 mL of a ligand solution. The latter was composed of 7:1 THF/H 2 O and contained 1.5 mg of DA-Arg and either 2 mg of TMABr or 2 μL of HS-PEG 550 . The reaction was stirred for 1 day at 35°C, followed by precipitation with 10:3 acteone/ethyl acetate. The resulting pellet was easily solubilized in H 2 O.
CdSe/CdS Core/Shell Quantum Dots: Oleylamine and Oleic Acid to TMABr or DMAETCl. 1 mg (∼0.8 nmol) of hydrophobic QDs was dissolved in 100 μL of chloroform containing 1 mg of TMABr. The mixture was shaken for 1 h at room temperature, after which the turbid solution was centrifuged. The pellet was suspended in 100 μL of methanol. The resulting solution was washed by addition of 300 μL of ethyl acetate to induce precipitation of TMABr-capped QDs. After centrifugation, the pellet was easily redispersed in H 2 O. The same procedure was used for DMAETCl except a mixture of 1:6 methanol/ chloroform was used as a reaction solvent.
CdSe/CdS Core/Shell Quantum Dots: Oleylamine and Oleic Acid to HS-PEG 550 (HS-PEG 550 and TMABr). Cap exchange of oleic acid and oleylamine for HS-PEG 550 was achieved by following a published procedure for heavier analogues. 27, 35 A mixed layer containing HS-PEG 550 and TMABr was obtained using a modified version of the same protocol. Briefly, 1 mg (∼0.8 nmol) of the original hydrophobic QDs was precipitated with an equal amount of ethanol and resuspended in 100 μL of methanol containing 0.75 μL of HS-PEG 550 and 0.5 mg of TMABr. The reaction was carried out at 60°C for 2.5 h resulting in a clear orange solution. The QDs were precipitated using 10:1 hexane/ chloroform and redispersed in H 2 O.
CdSe/CdS Core/Shell Quantum Dots: Oleylamine and Oleic Acid to DHLA-Bet. A variety of ligand exchange conditions were investigated to produce QDs capped by DHLA-Bet, varying the temperature, reaction time, solvent, and pH. The most stable samples were obtained by the two following methods. 1 mg (∼0.8 nmol) of the original hydrophobic QDs was dissolved in 100 μL of hexane. 100 μL of H 2 O containing 1.5 mg of DHLA-Bet was added to this solution, followed by slow addition of 300 μL of THF. The reaction was shaken for 2 h resulting in QD transfer into the polar solvent phase. This solution was washed 3 times with hexane. The DHLA-Bet-capped QDs were precipitated from solution using a mixture of 1:1 THF/ hexane and redispersed in H 2 O. Alternatively, ligand exchange could be achieved by redispersing the 1 mg pellet of QDs in a methanol solution containing 1 mg of DHLA-Bet and stirring for 2 h at room temperature, followed by the same washing procedure.
Au Nanocrystals: Oleylamine (Oleylamine and TOPO) to TMABr. The desired amount of hydrophobic Au NCs was redispersed in 100 μL of methanol containing TMABr and shaken for 1 h to form a turbid solution. The amount of ligand was carefully adjusted for the total surface area of the Au NCs. For example, with 0.5 mg of Au NCs of diameter 3.5 nm (∼1.7 nmol), 1.68 mg of TMABr was added (corresponds to ∼30 molecules per 1 nm 2 of NC surface). The obtained turbid solution was mixed with 300 μL of ethyl acetate and centrifuged. The pellet was redispersed in H 2 O. Au Nanocrystals: Oleylamine to H-CALNR-NH 2 . 1 mg (∼3.4 nmol) of Au NCs was dissolved in 100 μL of hexane. A ligand solution of 100 μL of H 2 O, 1 mg of H-CALNR-NH 2 , and 2 μL of 100 mM HCl was added, forming a biphasic mixture. 500 μL of THF was slowly added to the solution inducing phase transfer after 20 min of stirring at room temperature. The aqueous layer was washed 3 times with hexane, followed by precipitating the Au NCs with chloroform and acetone. The resulting pellet was redispersed in H 2 O.
Au Nanocrystals: Triphenylphosphine to TMABr. Small 1.5 nm Au NCs capped by triphenylphosphine were functionalized with TMABr directly after synthesis according to a published procedure but with an additional washing step. 61 Briefly, 3 mg (∼130 nmol) of Au NCs in 450 μL of DCM was combined with 3 mg of TMABr in 450 μL of H 2 O. The biphasic mixture was stirred overnight, resulting in the purple color transferring into the aqueous layer. The Au NCs were washed 3 times with DCM, precipitated by 5:1 THF/H 2 O, and redispersed in H 2 O.
Spherical Au Nanocrystals and Nanorods: CTAB/CTAC to TMABr. Round-trip ligand exchange (from hydrophilic to hydrophobic and then back to hydrophilic) was used to functionalize water-soluble Au NCs capped by a double layer of CTAB/CTAC with TMABr. 76 In a typical reaction, 1 mg (∼0.02 nmol) of Au nanorods (NRs) in 300 μL of H 2 O was combined with 600 μL of 10 mM DDT in chloroform. 600 μL of acetone was slowly added causing the Au NRs to transfer to the organic layer. Small additional amounts of acetone or ethanol were added to help induce phase transfer for reactions where the particles were stuck at the phase boundary. The aqueous layer was discarded, and the DDT-capped Au NRs were removed from solution through centrifugation. For smaller Au NCs prepared by this method, acetone was added to aid precipitation. The resulting pellet was washed twice with 5:1 ethanol/chloroform. In a plastic centrifuge tube, the Au NRs were redispersed in 1 mL of chloroform containing 5 mg of TMABr. The solution was stirred at 50°C for 20 min resulting in precipitation of the Au NRs. The precipitate was extracted into H 2 O and washed three times with chloroform, followed by precipitation with a mixture of ethanol and ethyl acetate and redispersion in H 2 O. This reaction should be carried out in plastic vessel because the resulting particles are highly charged and stick irreversibly to glass.
Au NRs coated with CTAB was diluted in 40 mL of 0.15% wt. PSS solution and incubated for 1 h. After removal of residual CTAB and excess PSS by centrifugation, this procedure was repeated twice more. The PSS-capped Au NRs were centrifuged and redispersed in 20 mL of 5 mM sodium citrate tribasic dihydrate and left to incubate for 12 h. This was repeated once more, resulting in citrate-capped Au NRs. This procedure was also extended to CTAC-capped Au nanospheres.
Au Nanocrystals: Citrate to TMABr. The citrate to TMABr ligand exchange was achieved using DDT as an intermediary ligand. In a typical reaction, 1 mg (∼0.02 nmol) of citrate-capped Au NRs in 1 mL of H 2 O was added to 1 mL of 10 mM DDT in chloroform. Acetone was then added until the solution became a single phase (approximately 5 mL). The solution was shaken for 30 s and centrifuged to remove the Au NRs capped by DDT. The resulting pellet was washed twice with 5:1 ethanol/chloroform before dispersion in pure chloroform. Functionalization with TMABr was carried out in the same manner as above. The same procedure was used for smaller Au NCs synthesized directly by reduction with sodium citrate using larger initial volumes of H 2 O and acetone.
Layer-by-Layer Deposition. Glass substrates were rendered hydrophilic and negatively charged by treatment in boiling piranha solution (3:1 of 98% H 2 SO 4 and 30% H 2 O 2 ) for 1 h. Caution: Piranha solution is highly corrosive and reactive toward organic compounds and must be handled with care. After washing the glass substrates with H 2 O, they were placed in a methanol solution of positively charged core/ shell QD-TMABr for 1 min. The substrates were then washed twice by methanol and dried under a flow of air. The deposition procedure was then repeated using a formamide solution of negatively charged core/ shell QD−S 2− which was prepared by a method published elsewhere. 39 Up to 5 positively and negatively charged alternating layers were deposited onto the substrates in this manner, measuring photoluminesence after each step. Core/shell QD concentrations were approximately 5 mg/mL. a Ligands shown in the second column after the "→" symbol indicate preliminary ligand exchange steps. b The diameter was determined by TEM following synthesis with the original surfactant.
c The zeta potential values are averaged from three trials of 100 runs. d The hydrodynamic diameters of NCs after ligand exchange are reported as averages from five trials using a number distribution.
Cell Imaging. HeLa cells were seeded the day before the imaging experiment in 8-well chambers and grown in DMEM Glutamax media containing 10% fetal bovine serum. Cells were fixed prior to QD incubation with 3.7% paraformaldehyde and permeabilized with 0.25% Triton X-100. The CdSe/CdS QDs functionalized with TMABr, HS-PEG 550 , or a mixed layer of the same two ligands were diluted in PBS, pH 7.4, to a final concentration of 10 nM. Cells were incubated for 10 or 30 min, followed by two washings with PBS. The chambers were removed, and the cells were mounted with Mowiol. Imaging was performed with a Leica DMI6000B epifluorescence microscope with 40× magnification using a DIC and a Cy5 channel operated with excitation and emission wavelengths ranging from 590 to 650 nm and from 662 to 738 nm, respectively.
Characterization. Absorbance. The UV−vis absorbance spectra were measured on a Jasco V-670 UV−vis−NIR spectrophotometer.
Dynamic Light Scattering (DLS). The hydrodynamic diameter of the NCs was determined from a number distribution using Zetasizer Nano-ZS from Malvern Instruments. Solvents 
Zeta Potential Measurements. Zeta potentials were derived from electrophoretic mobility measurements performed on a Zetasizer Nano-ZS (Malvern Insturments). Three series of 100 measurement cycles each were performed for each sample in order to check sample stability. Results of the electrophoretic mobility measurements were converted to zeta potentials using the Huckel approximation. Stock solutions of 1 M HCl and 1 M NaOH were used to adjust the pH to the desired value.
Transmission Electron Microscopy (TEM). The NC images were recorded using a JEOL JEM 2200 fs microscope operated at 200 kV. TEM grids were first immersed in toluene for 20 s to remove formvar protection. NCs dissolved in apolar solvents were directly drop-casted on prewashed grids. TEM grids were hydrophilized by short plasma treatment prior to deposition of NCs dissolved in polar solvents.
Scanning Electron Microscopy (SEM). Silicon substrates were sonicated in isopropanol for 15 min followed by the same deposition treatment as described earlier. Scanning electron microscopy (SEM) measurements were carried out using a Nova Nano SEM 230 microscope.
Atomic Force Microscopy (AFM). The AFM measurements were conducted with a Bruker Dimension Icon 3 in Peak Force Tapping Mode. Horizontal scars correction was applied to the images. All images were leveled using a plane with 3 pixels.
■ RESULTS AND DISCUSSION
Exchange of ligands on the NC surface requires high chemical affinity of the anchoring group of the incoming ligand. Thiol anchoring groups were employed for NCs with soft surface cations, e.g., Au, Cd, and Pt, whereas catechols were utilized for Fe-based NCs with harder cations (Figure 2 ). Aqueous colloidal solutions of all tested NC samples were generally stable on the time scale of weeks to months. Solubility in several other polar solvents was tested as well (Table S1) . Table  1 and Figure 3 summarize the various NC and ligand combinations with typical zeta potentials and hydrodynamic diameters in aqueous solutions. Figure 4 shows illustrative TEM images of a variety of the NC systems before and after ligand exchange. Figure S2 shows FTIR spectra of representative NC systems that confirm ligand exchange. The resulting particles are stable for months in aqueous solution but precipitate at elevated pH because the NCs fail to retain their positive charge due to deprotonation of the primary amine of DA (pK a1 = 9.05), HO − adsorption on the surface of the NC, and deprotonation of the pre-existing surface Fe−OH groups (Figure 3b) . 84−86 However, many potential applications of aqueous Fe@Fe 3 O 4 NCs require high colloidal stability of NCs in high ionic strength buffer solutions. This motivated us to design a new ligand, DA-Arg, which would remain positively charged at high pH values. The new ligand linked the amino acid arginine to DA, which was retained as an anchor, via an amide bond (Figure 1 ). This structure shifted the isoelectric point of the resulting NCs to pH ∼ 10.5 due to the higher pK a of the guanidinium side chain (12.10) 87 ( Figure 3b ) and improved their colloidal stability in high ionic strength solutions due to the greater steric demands of DA-Arg compared to DA. The ligand exchange procedure remained almost the same as for DA except that acid was no longer required to resolubilize the particles in H 2 O. TEM images show that the resulting NCs retain their size and shape and do not aggregate after ligand exchange (Figure 4a,b) .
FePt Nanocrystals. The DA-Arg ligand was also exploited to stabilize FePt alloy NCs. This bimetallic alloy has the ability to simultaneously bind two types of ligands: catechols bind at the hard acidic Fe sites and thiols, at the soft Pt sites. 75 Therefore, DA-Arg was tested in conjunction with either TMABr or HS-PEG 550 . As expected, DA-Arg/TMABr-capped NCs have slightly higher zeta potentials than samples capped with DA-Arg/HS-PEG 550 (Table 1) . Despite their relatively low zeta potentials, neither sample showed signs of aggregation in DLS experiments (Table 1) , and both were stable in aqueous solution for months. Figure 4e ,f shows the starting FePt NCs and the sample functionalized with a DA-Arg/HS-PEG 550 mixed ligand layer. Comparison of these TEM images confirms that the NCs preserve their shape and size throughout the ligand exchange procedure. Attempts to functionalize FePt NCs with HS-PEG 550 alone did not result in aqueously stable NCs, as previously reported. 75 In contrast, and somewhat surprisingly, a monolayer composed solely of DA-Arg solubilized the particles in water with a zeta potential of +21.7 mV; however, this sample was less stable in salt solutions than NCs possessing binary ligand layers. CdSe/CdS Core/Shell Quantum Dots. Hydrophobic core/shell QDs were rendered cationic using one of three thiol molecules: DMAETCl, TMABr, or DHLA-Bet. Each ligand readily produced water-soluble samples with zeta potentials of about +40 mV (Table 1) . Notably, ligand exchange with the strongly amphiphilic TMABr molecule has to be performed in apolar media, e.g., chloroform, where TMABr forms inverse micelles with the anchor thiol groups directed outward. Though ligand exchange in polar solvents is possible as well, it results in NCs with lower surface charge and only short-term colloidal stability. In contrast, QDs capped with TMABr that were prepared in chloroform were stable for approximately one month or longer and had zeta potentials higher than +40 mV. The resulting QDs preserved their bright photoluminescence with a quantum yield of 46% in water compared to 52% prior to ligand exchange.
Chemistry of Materials
Motivated to improve colloidal stability further, we synthesized a bidentate TMABr analogue, hereafter called DHLA-Bet (Figure 1) . Most of the conditions tested for ligand exchange gave water-soluble QDs that had positive zeta potentials and did not aggregate according to DLS (Table 1) . However, the aqueous solutions of DHLA-Bet-capped QDs were colloidally stable for a few days only when kept at room temperature. In polar organic solvents, these same cationic CdSe/CdS−DHLA-Bet QDs were stable for months (Table  S1 ). Analogous behavior was observed for Au−DHLA-Bet NCs. We assume that the weak colloidal stability of NCs capped by DHLA-Bet is a result of noncompact capping by the ligand, facilitating diffusion of various ionic species to the surface of the NCs. This effect may originate from the larger footprint of DHLA-Bet relative to a single thiol and from the less hydrophobic nature of the DHLA-Bet side chain compared to TMABr. DHLA-Bet-capped QDs were not stable in any buffer or salt solution tested, so further trials were abandoned.
Au Nanocrystals. The wide range of reported synthetic methods for producing Au NCs allowed different surface chemistries and particle sizes to be investigated. The most commonly used surface chemistries for Au NCs can be divided into three classes: (i) hydrophobic NCs capped with bulky amines, phosphines, or TOPO (typically spherical NCs of 1.5− 12 nm in size); (ii) water-soluble Au NCs capped by a double layer of CTAB or CTAC (typically larger NCs, 5−30 nm, of various shapes, e.g., spheres and nanorods); (iii) water-soluble Au NCs capped with citrate anions (synthesis results in rather small, 4−12 nm, spherical NCs). We found that all three classes of Au NCs can be rendered cationic and stable in aqueous Figure 4c,d) . The peptide ligand H-CALNR-NH 2 was chosen on the basis of a previous investigation into optimal peptide sequences for enhancing the aqueous stability of Au NCs. 88 Although earlier attempts to utilize the H-CALNR-OH sequence as a ligand were unsuccessful for citrate-capped Au NCs and led to aggregation, 88 we further optimized the ligand structure by replacing the terminal carboxylic acid with an amide in order to avoid electrostatically driven aggregation of oppositely charged NCs. The new ligand allowed us to produce Au NCs that were stable in aqueous solution and showed no signs of aggregation (Table 1, Figure 4h ). We found that successful ligand exchange reaction with H-CALNR-NH 2 required a biphasic approach under acidic conditions. The same conditions also enabled production of H-CALNR-NH 2 -capped QDs.
Larger Au NCs and anisotropic Au NRs are usually produced in water and capped with a double layer of CTAB/CTAC (the second class of Au NCs discussed above). Complete exchange of this double layer with chemically anchored ligands is not trivial because CTAB/CTAC molecules are soluble in both polar and apolar solvents and their removal from the NC surface leads to immediate NC aggregation. A round-trip ligand exchange protocol has emerged to produce water-soluble, CTAB/CTAC-free Au NCs. 76 In this approach, NCs are first transferred to an organic phase by CTAB/CTAC exchange with a hydrophobic molecule, such as 1-dodecanethiol (DDT). The NCs can be subsequently washed to remove most of the remaining CTAB/CTAC. Then, a second ligand exchange step transfers the NCs back to the aqueous phase. We adapted this approach for three different sizes of Au NCs: 7.3 and 19.5 nm spheres and larger NRs. All samples retain their morphology throughout ligand exchange (Figure 4k,l) . We note that steric colloidal stabilization provided by DDT only prevents NC Figure 5 . Colloidal stability of cationic NC dispersions in PBS, Tris-HCl, HEPES, and salt solutions: (a−h) the evolution of the hydrodynamic diameter measured by DLS for the corresponding NC−ligand pairs; (i) the evolution of the characteristic plasmonic absorbance at λ abs = 400 nm for the small 1.5 nm Au NCs. Changes in the absorbance were used to investigate NC stability because of the insufficient accuracy of DLS for such small sizes. The original surfactant of the Au NCs is indicated by the subscript (TPP = triphenylphosphine). Fe@Fe 3 O 4 and FePt NCs were not stable in phosphate-based buffers, and therefore, the corresponding graphs are not included in (a) and (b).
flocculation but is not capable of dispersing heavy Au NCs in apolar solvents because of weak ligand-to-solvent interactions. As a result, the 19.5 nm Au NCs and Au NRs stabilized by DDT gradually settle in solution. However, any colloidal instability was completely alleviated after the second ligand exchange step when NCs were rendered cationic and dissolved in water, as evidenced by TEM, zeta potential, and the characteristic pink color of Au NC colloidal solutions (Table 1, Figures 4k,l and 6b) . TMABr-capped Au NCs exhibited zeta potential values of +40 mV and upward and remained stable in water for months.
The two-step ligand exchange strategy employed here transferred the CTAB/CTAC-coated Au NCs first from water to chloroform and then back to water. The first step of ligand exchange, CTAB/CTAC-to-DDT, and subsequent purification significantly reduce the CTAB/CTAC concentration. However, thorough purification of poorly stable, large DDT-capped Au NCs is complicated, and residual amounts of CTAB/CTAC have been reported to persist after ligand exchange. 78, 89 Even submicromolar amounts of CTAB/CTAC are cytotoxic and can be undesirable for further processing. 90 Therefore, we decided to introduce intermediary ligand exchange steps using poly(sodium 4-styrenesulfonate) (PSS) and citrate anions to eliminate any residual CTAB/CTAC. It has been shown previously that such exchange can reduce CTAB/CTAC concentrations to levels undetectable by X-ray photoelectron spectroscopy (XPS), 78 but conversion of Au NCs bearing an anionic citrate capping layer to a cationic ligand shell is not trivial due to electrostatically induced aggregation. We found that the modified ligand exchange protocol overcame this problem and enabled efficient replacement of the citrate groups with suitable cations. Comparisons of samples directly functionalized in the two-step CTAB/CTAC → DDT → TMABr process and the same NCs produced by the CTAB/ CTAC → PSS → citrate → DDT → TMABr process showed that both methods yielded stable aqueous solutions of cationic Au NCs, though the second method typically resulted in NCs with slightly lower zeta potentials ( Table 1 ). The latter protocol was also successfully applied to smaller 4.1 nm Au NCs produced directly by reduction with sodium citrate. Thus, the ligand exchange strategies developed here can be used to produce cationic versions of all three classes of Au NCs.
Colloidal Stability in Biological Buffers and High Ionic Strength Solutions. The colloidal stability of the cationic NCs presented above was investigated in six biologically relevant solutions: PBS at pH 7.4, 10 mM HEPES at pH 8, 50 mM Tris-HCl at pH 8, 50 mM NaCl, 500 mM NaCl, and Na 3 PO 4 containing 200 mM NaCl at pH 8.
Stability of Cationic Fe@Fe 3 O 4 and FePt Nanocrystals. Cationic Fe@Fe 3 O 4 −DA-Arg and FePt−DA-Arg/thiol NCs were stable in Tris-HCl and HEPES buffers and the 50 mM NaCl solution for up to several weeks. In contrast, Fe@Fe 3 O 4 NCs capped with DA instead of DA-Arg were not stable in any of the buffered solutions, likely due to deprotonation of the ammonium groups at high pH. DA-Arg-capped Fe@Fe 3 O 4 and FePt NCs were not stable in solutions containing phosphate ions, probably because phosphate anions can compete for hard Fe 3+ sites. 40 No noticeable difference in buffer stability was found for the FePt NCs capped with DA-Arg and either TMABr or HS-PEG 550 .
Stability of Cationic CdSe/CdS Core/Shell Quantum Dots. The same buffer and salt solutions were tested with core/shell QDs functionalized with DMAETCl, TMABr, HS-PEG 550 , and a mixed layer of TMABr and HS-PEG 550 , All samples, with the notable exception of DMAETCl-capped QDs, exhibited significant colloidal stability in the buffer and salt solutions (Figure 5c,d) . Typically, they were stable for approximately 2 weeks. The lower stability of DMAETClcapped QDs can be attributed to the relatively short chain length of the ligand and the comparatively low pK a of tertiary amines. We note that TMABr-capped QDs have notably smaller hydrodynamic diameters than QDs coated with either HS-PEG 550 or a mixed layer of TMABr and HS-PEG 550 (Table 1, Figure 5d ) but nevertheless displayed the same high stability in all buffer and salt solutions tested.
Stability of Cationic Au Nanocrystals. Although the cationic Au NCs studied here exhibited substantial buffer stability, some subtle differences were noted depending on the original surfactant and incoming ligand NCs that were initially hydrophobic and rendered cationic with TMABr showed the best stability in buffer and high ionic strength solutions ( Figure  5e ). Even large particles with diameters up to 11.9 nm were stable for at least six months as evidenced by the lack of precipitation and color change. In contrast, Au NCs originally capped by citrate or CTAC and functionalized with TMABr were not stable in Tris-HCl buffer or concentrated NaCl solutions, though they were stable for several months in PBS, HEPES, and 50 mM NaCl as indicated by DLS, color, and the absence of precipitation (Figure 5f,g ). Cationic Au NCs produced from citrate or CTAC-capped NCs tended to have lower zeta potentials compared to those produced from oleylamine-capped Au NCs, which may explain the observed differences in stability. Au NCs functionalized with the H-CALNR-NH 2 peptide were stable in the two organic buffers and in 50 mM NaCl for several weeks and at least for 1 week in 500 mM NaCl ( Figure  5h ). However, these peptide-capped Au NCs were not stable in phosphate-containing buffers.
Aqueous and Buffer Stability of Large Cationic Nanocrystals. The cationic ligands investigated in this study were also investigated with larger Fe 3 O 4 , Au NCs, and Au NRs. It is notable that even such large NCs were colloidally stable in water for months. Colloidal stability in buffer and salt solutions was lower than that of the smaller NCs, but some stability was still observed in certain cases.
Water-soluble, 18.0 nm Fe 3 O 4 NCs functionalized with DAArg do not aggregate as indicated by TEM (Figure 6a ). They are stable in aqueous solution for at least six months and have zeta potentials of ca. +35 ± 3 mV, similar to the smaller NCs. Colloidal stability was observed in 10 mM HEPES buffer and 50 mM NaCl solution (Figure 6d ), as well, though this stability was only short-term (hour scale).
All large cationic and spherical Au NCs and Au NRs appeared to be stable in aqueous solution for months as indicated by their deep cherry pink color and the absence of aggregates in TEM images (Figures 6b,c) . They were also stable for several hours in 50 mM NaCl and the two organic buffers (Figure 6e) .
Potential Applications of Cationic Nanocrystals. We envision two directions for practical applications of cationic NCs. First, electrostatic interactions with anionic NCs might be exploited to engineer solid-state devices where each component (cationic and anionic) has a desired spatial arrangement and may display a different functional property (semiconductor, plasmonic, or magnetic). The second opportunity for cationic NCs is in cellular imaging, exploiting the differential affinity of NCs were also formed ( Figure S4 ). Such halo type structures can be formed only when one component (either cationic or anionic NCs) is in excess. Mixing similar amounts of the two components results in NC precipitation. However, we found that the NC distribution in settled aggregates and in the supernatant of unsettled dispersions is still very uniform. Therefore, various ratios of cationic and anionic NCs can be used for induced homogeneous aggregation. This property can be exploited to develop novel solid nanocrystalline materials for applications where mixtures of different NCs are desirable, but highly uniform distributions are required, such as in thermoelectrics, 92, 93 or when NCs are used as dopants in nanostructured assemblies. extra passivating layers of polymer. 39 To illustrate this approach, we used cationic CdSe/CdS−TMABr QDs and anionic CdSe/CdS−S 2− QDs to create highly luminescent layer-by-layer thin films deposited on glass substrates ( Figure  7b ). Scanning electron microscopy (SEM) revealed the films to be highly homogeneous and crack-free, even at the highest magnification tested (5 μm, Figure S5 ). Atomic force microscopy (AFM) confirmed that the films became progressively thicker with each additional layer, limited only by the diameter of the QDs ( Figure S6 ). The emission profile of the films appeared unchanged compared to the corresponding colloidal dispersion although a redshift of approximately 2 nm was observed per added layer. We believe this approach could be used to create films with many more layers than tested here.
Cellular Imaging with Cationic Nanocrystals. Employing cationic NCs as cellular staining agents offers the opportunity to specifically target negatively charged cellular structures. For example, earlier work demonstrated that cationic NCs bind to lipid bilayers of cells due to the negative membrane potential and the negatively charged surface moieties. 98 Upon adsorption onto the cell membrane, the NCs can enter via multiple pathways including endocytosis and energy-independent translocation, giving access to negatively charged interior structures such as the cell nucleus or ribosomes. 98, 99 Motivated by this precedent, we tested two highly stable cationic CdSe/CdS QD samples (QDs capped with TMABr and QDs capped with a mixed layer of TMABr and HS-PEG 550 ) and neutral HS-PEG 550 -capped QDs for cellular staining. The TMABr-capped CdSe/CdS QDs clearly show an affinity for the cell membrane as indicated by the bright outline of the cells (Figure 7c ). In contrast, QDs capped with mixed TMABr/HS-PEG 550 ligands appear to stain the entire cell body allowing for easier visualization compared to the DIC image. By comparison, control experiments with neutral QDs capped with HS-PEG 550 yielded subpar results, indicating that the positive charge from TMABr plays an important role in the staining process ( Figure S7 ). These promising preliminary results demonstrate that buffer-stable cationic NCs can be used as site-specific cellular staining agents.
■ CONCLUSIONS
In summary, we have developed a collection of small (<2.5 nm) cationic ligands that confer colloidal stability in aqueous solution for various NCs. The coordinating group of these ligands was chosen on the basis of compatibility with the NC surface in accordance with the principles of hard−soft acid− base theory. Guanidium and quaternary amine groups, which retain their charge at high pH, were used to impart positive surface charge to the newly functionalized NCs. The generality of this approach was confirmed for a variety of NCs, including semiconductor, magnetic, and plasmonic materials of various shapes and ranging in size from 1.5 to 20 nm. Small (<12 nm) cationic NCs proved stable for months in water and for days to months, depending on NC/ligand pair, in buffer and salt solutions. Larger NCs, including 13 × 49 nm Au nanorods, showed short-term colloidal stability in some of the tested buffer solutions but are stable for months in water and several polar organic solvents.
The stability of these NCs in high ionic strength solutions and their positive surface charge allowed us to explore two possible applications. First, cationic NCs were found to be potentially useful as selective staining agents for cell imaging 
